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Objective: Osteoarthritis (OA) is characterized by loss of cartilage and alterations in subchondral bone
architecture. Changes in cartilage and bone tissue occur simultaneously and are spatially correlated,
indicating that they are probably related. We investigated two hypotheses regarding this relationship.
According to the ﬁrst hypothesis, both wear and tear changes in cartilage, and remodeling changes in
bone are a result of abnormal loading conditions. According to the second hypothesis, loss of cartilage
and changes in bone architecture result from endochondral ossiﬁcation.
Design: With an established bone adaptation model, we simulated adaptation to high load and endo-
chondral ossiﬁcation, and investigated whether alterations in bone architecture between these condi-
tions were different. In addition, we analyzed bone structure differences between human bone samples
with increasing degrees of OA, and compared these data to the simulation results.
Results: The simulation of endochondral ossiﬁcation led to amore reﬁned structure, with a higher number
of trabeculae in agreement with the ﬁnding of a higher trabecular number in osteochondral plugs with
severe OA. Furthermore, endochondral ossiﬁcation could explain the presence of a “double subchondral
plate”whichwe found in somehumanbone samples.However, endochondral ossiﬁcation couldnotexplain
the increase in bone volume fraction that we observed, whereas adaptation to high loading could.
Conclusion: Based on the simulation and experimental data, we postulate that both endochondral ossi-
ﬁcation and adaptation to high load may contribute to OA bone structural changes, while both wear and
tear and the replacement of mineralized cartilage with bone tissue may contribute cartilage thinning.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a progressive degenerative disease of
synovial joints. Loss of articular cartilage and alterations in sub-
chondral bone architecture are important characteristics of OA.
Degeneration of cartilage changes its biomechanical, biochemical,
and structural properties1,2. In the subchondral bone, volume
fraction usually increases, accompanied by changes in trabecular
thickness, number, and separation3,4. There are indications that
degeneration of cartilage and alterations in bone architecture are
related. Changes in both tissues occur simultaneously5,6, are
spatially correlated3,5e7, and the highest increase in bone volume is
found near the boneecartilage interface3,4. However, the nature of
the relationship remains unresolved.C.C. van Donkelaar, Depart-
y of Technology, PO Box 513,
Tel: 31-40-2474830; Fax: 31-
onkelaar).
s Research Society International. POne possibility is that degeneration of cartilage and alterations
in bone architecture both result from high joint loading. Various
risk factors for OA, including obesity, joint malalignment, and
meniscectomy, are associated with increased loading and cartilage
stress8e10. Also, different animal models have been developed
where both cartilage degeneration and bone changes are induced
through increased loading5,7,11. In cartilage, abnormal loads can
induce changes in composition, structure, metabolism and
mechanical properties12. Eventually, these changes may result in
progressive cartilage degeneration. In bone, abnormal loads can
induce a remodeling response13e15. In a previous simulation study
we demonstrated that alterations in bone architecture observed in
OA can indeed be explained as the result of such physiologic
remodeling in response to increased loading16.
An alternative theory considers endochondral ossiﬁcation as the
cause of cartilage loss and bone changes17e20. Endochondral ossi-
ﬁcation involves the transformation of cartilage. Chondrocytes
undergo hypertrophy, mineralize and are replaced with bone
tissue, and ossiﬁcation would therefore alter subchondral bone
architecture and decrease cartilage thickness simultaneously.ublished by Elsevier Ltd. All rights reserved.
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degeneration since thinned articular cartilage is prone to damage21.
Throughout life, articular cartilage is continuously being replaced
with bone22. Normally this process is slow, but in OA the cartilage
turnover rate increases. This could explainwhy advancement of the
tidemark, which indicates the junction between articular and
mineralized cartilage, is observed in OA17,19,23. Vascularization of
mineralized cartilage has been proposed as the inductive compo-
nent of endochondral ossiﬁcation in OA6,24. Support for this
hypothesis can be found in the literature. In race horses, blood
vessel ingrowth into mineralized cartilage was associated with
a reduction of mineralized cartilage thickness23. In a study on
human bone, the number of blood vessels in mineralized cartilage
was shown to decrease from adolescence until the age of 60, after
which it increased again, and a similar pattern was found for
cartilage remodeling22,25, indicating a possible relationship
between cartilage remodeling and the increase in number of blood
vessels.
The two theories discussed above propose different mecha-
nisms for changes in cartilage and subchondral bone in OA.
According to the ﬁrst theory, changes in cartilage result from
wear and tear at the articular surface, while changes in sub-
chondral bone result from remodeling of the existing bone tissue,
both as a result of abnormal loading. According to the second
theory, the replacement of mineralized cartilage with bone tissue
causes the observed changes, with vascularization of mineralized
cartilage at the bone cartilage interface as initiating factor. Since
both theories are not mutually exclusive, cartilage wear and tear,
bone adaptation, and endochondral ossiﬁcation may all
contribute to OA. As a better understanding of the processes that
play a role in OA may aid in the development of therapies, it
would be interesting to be able to distinguish between the
different mechanisms involved.
We hypothesize that endochondral ossiﬁcation may lead to
a different subchondral bone architecture compared to adaptation of
existing bone tissue. Since endochondral ossiﬁcation starts from
a homogeneous mineral distribution, a more reﬁned structure may
be expected. Therefore,we aimed to investigate ifwe candistinguish
between alterations in bone architecture that result from adaptation
of an existing bone structure, vs changes that result from endo-
chondral ossiﬁcation. For this purpose we used a combined
numerical-experimental approach. With an established bone adap-
tationmodel26, we simulated adaptation to high load, endochondral
ossiﬁcation, and the combination of both. We investigated whether
the resulting alterations in bone structure between these conditions
were different. In addition, we used micro computed tomography
(microCT) to investigate bone structure differences between human
bone samples with increasing degrees of OA. Finally, we compared
these experimental data to the simulation results.
Methods
Simulations
Bone adaptation theory
We used a bone adaptation model based on the theory of
Huiskes et al.26 to simulate the effect of adaptation to high load,
endochondral ossiﬁcation, and the combination of both on bone
architecture. The model was previously shown capable of
explaining several observations of animal and clinical studies,
including load-adaptation, fracture remodeling, postmenopausal
bone loss, and the development of cysts27e30. In the model, oste-
oclastic bone resorption was assumed to be triggered by micro-
cracks, and osteoblastic bone formation was assumed to be
regulated by osteocytes in response to mechanical loading.In a previous study we showed that the replacement of miner-
alized cartilage with bone tissue can also be simulated with the
model31. Cartilage was successfully replaced with bone, and there
was good agreement between simulation results and experimental
data from the literature32,33. To include the replacement of cartilage
with bone, the model was modiﬁed. A layer of mineralized cartilage
was included and random resorption of mineralized cartilage at the
bone cartilage interface was allowed. This resorption rule was
based on literature reports that mineralized cartilage resorption is
the result of osteoclast precursor delivery by blood vessels that
penetrate the mineralized cartilage32. After cartilage resorption,
bone formation was assumed to be regulated by mechanosensing
osteocytes, similar to bone formation during adaptation31.
Model description
Each osteocyte produces a stimulus P in response to the local
strain energy density (SED) rate. At each location x on the bone
surface, the osteocyte stimulus P(x,t), is calculated by summation of
the stimuli of the surrounding osteocytes:
Pðx; tÞ
Xn
k¼1
f ðx; xkÞmUðxk; tÞ:
Here, U(xk,t) is the SED rate at the location of osteocyte k, n is
the number of osteocytes within the inﬂuence distance of x, m is
the osteocyte mechanosensitivity, and f(x,xk) is a signal decay
function:
f ðx; xkÞ ¼ e
dðx;xkÞ
D ;
depending on the distance between osteocyte k and location x on
the bone surface d(x,xk), and decay parameter D. If osteocyte
stimulus P(x,t) exceeds formation threshold kthr, bone is formed
according to:
dVf ;bðx; tÞ
dt
¼ sðPðx; tÞ  kthrÞ if Pðx; tÞ > kthr:
Here,
dVf ;bðx; tÞ
dt
is the bone volume change at location x due to
formation, and s is a time constant related to the bone formation
rate.
Resorption is assumed to be triggered by randommicrocracking
(for bone) and vascularization (for mineralized cartilage). For bone,
the resorption chance is equal for all bone surface locations,
determined by the frequency at which resorption pits are formed,
Fres. For cartilage, we accounted for osteoclast precursor delivery via
neovascularization by allowing random resorption of mineralized
cartilage adjacent to the bone. Since no quantitative data are
available regarding the rate of vascularization of mineralized
cartilage in OA, we set the resorption chance for mineralized
cartilage equal to the resorption chance for the bone surface. At
each location where resorption occurs, the same amount of tissue
Vcl is resorbed. The resorbed tissue can be both bone and miner-
alized cartilage, depending on their volume fractions, Fb(x,t) and
Fmc(x,t):
dVr;bðx; tÞ
dt
¼ VclFbðx; tÞ and
dVr;mcðx; tÞ
dt
¼ VclFmcðx; tÞ
Here,
dVr;bðx; tÞ
dt
and
dVr;mcðx; tÞ
dt
are the changes in bone and
mineralized cartilage volume at location x due to resorption. The
total change in tissue volume becomes:
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dt
¼ dVf ;bðx; tÞ
dt
þ dVr;bðx; tÞ
dt
þ dVr;mcðx; tÞ
dt
:
With this volume change, the local relative tissue density r(x,t)
can be calculated. r(x,t) ¼ 1 when x consists solely of bone or
cartilage tissue, and r(x,t) ¼ 0 when x consists solely of bone
marrow. In addition, the new volume fractions of bone and
mineralized cartilage can be calculated (with Fb þ Fmc ¼ 1), indi-
cating the fractions of the relative density that represent bone and
mineralized cartilage respectively, which inﬂuence the tissue
elastic modulus E(x,t) according to:
Eðx; tÞ ¼ ðFbðx; tÞEb þ Fmcðx; tÞEmcÞrðx; tÞg:
Here, Eb and Emc are the elastic moduli of bone and mineralized
cartilage, and g is a material constant. The model parameter values
and their derivation can be found in Cox et al.34
2D ﬁnite element analysis model
To represent the morphology and material properties of the
tissues, and to calculate the local SED values, we used ﬁnite element
analysis. We performed simulations in a 2D domain representing
part of the articular cartilage and subchondral bone. We used
a square mesh of 200  200 elements, with an element size of
50  50 mm, consisting of a 7.5 mm thick bone layer with a 2.5 mm
thick cartilage layer on top, subdivided into a 0.25 mm thick
mineralized cartilage layer, and a 2.25 mm thick non-mineralized
articular cartilage layer. Both cartilage and bone were modeled as
linear elastic materials as described previously34.
We started with a uniform bone density and random osteocyte
distribution. To obtain a trabecular structure, we loaded the mesh
statically with 1.5 MPa compression perpendicular to the cartilage
and 1.0 MPa in the horizontal direction, which represents the
maximum SED rate of a dynamic load of 0.75 MPa and 0.5 MPa at
1 Hz respectively35. Bone remodeled during 5,000 increments, after
which a stable trabecular structure was obtained that did not
change signiﬁcantly with respect to bone volume fraction, and
trabecular number, thickness, and separation if remodeling was
continued for 500 additional increments. This baseline structure
was used as starting point for the other three simulations: (1)
adaptation to increased loading, (2) endochondral ossiﬁcation, (3)
the combination of endochondral ossiﬁcation and adaptation to
increased loading. For these simulations, remodeling was simu-
lated for 2,500 increments. For high loading, we increased the loads
by 40%, similar to previous high load simulations16.
For the endochondral ossiﬁcation simulations, initially cartilage
resorption was allowed for the mineralized cartilage elements
bordering the bone tissue. Advancement of the cartilage minerali-
zation front was simulated by replacing the bottom row of
non-mineralized cartilage with mineralized cartilage, every 50
increments. Since vascularization and advancement of the miner-
alization front are related, the permission for cartilage resorption
was also moved upward one element row every 50 increments.
Structure analysis
For the ﬁnal structures, we determined mean bone volume
fraction (BV/TV), trabecular number (Tb.N), thickness (Tb.Th), and
separation (Tb.Sp) for the volume between the boneecartilage
interface and 2 mm depth, as described previously34.Experiments
Sample preparation
We examined 32 human OA tibial plateaus from 32 patients,
obtained after total knee replacement (University HospitalMaastricht, Maastricht, The Netherlands), approved by the Clinical
Trial Center Maastricht, Maastricht, The Netherlands. With a dia-
mond-coated bit, we cored cylindrical specimens of the lateral
and medial side perpendicular to the articular surface, with
a diameter of 8 mm. Preferably, one specimen was analyzed for
each side of the plateau. However, for 11 plateaus, specimens from
one side could not be used for further analysis, due to either limited
height of the plateaus as a result of the location of the surgical
cutting plane, or the presence of cysts, leading to a total number of
53 osteochondral plugs from 32 patients (25 medial, 28 lateral).
MicroCT
Each specimen was preserved in formalin and scanned with
a microCT scanner (vivaCT40, Scanco Medical AG) at a voxel size of
21  21  21 mm (70 kVp, 114 mA, 500 projections per 180, 300 ms
integration time). A beam-hardening correction algorithm was
applied to all scans. Image processing included Gaussian ﬁltering
(sigma ¼ 0.8, support ¼ 1) and segmentation with a constant
threshold value to discriminate between bone and soft tissue.
Segmentation was visually checked. Bone volume fraction (BV/TV),
trabecular number (Tb.N), thickness (Tb.Th), and separation (Tb.Sp)
were determined for a 2 mm thick bone slice directly underneath
the bone plate using the Scanco Medical AG software.
Cartilage degeneration
All 53 specimens were dehydrated in graded ethanol solutions
(70e100%) and embedded in polymethylmethacrylate (PMMA).
The embedded specimens were bisected perpendicular to the
cartilage using a band saw and then sectioned using a microtome
(Leica RM2165, Leica Microsystems). The surface of the specimens
was stained with toluidine blue for 1.5 h and then rinsed in
running tap water. Images were taken using a stereo microscope
(Discovery.V8, Zeiss). Cartilage degeneration was graded from
0 to 4 by three independent observers, who were blinded for
microCT results, according to the International Cartilage Repair
Society (ICRS) score1.
Statistical analysis
To determine whether bone structural parameters differed
between samples with different degrees of OA, we performed one-
way analysis of variance (ANOVA), with a Bonferroni post-hoc test.
To avoid unequal contribution of samples from one donor to one
experimental group, we randomly excluded one sample for further
analysis when the medial and lateral osteochondral samples of one
donor were classiﬁed into the same ICRS group. To check normality
of the distributions we used KolmogoroveSmirnoff tests with the
Lilliefors signiﬁcant correction criterion. To check homogeneity of
variances we used Levene tests.
Results
Simulations
The ﬁnal simulation structures are shown in Fig. 1(aed). During
the simulations of endochondral ossiﬁcation, the articular cartilage
was almost completely replaced with bone [Fig. 1(ced)]. For both
endochondral ossiﬁcation simulations, mineralized cartilage
remnants persisted in the bone tissue as well as the initial sub-
chondral plate.
Differences in bone structural parameters were found between
all simulations (Fig. 2). For adaptation to high load, bone volume
fraction and trabecular thickness increased compared to baseline,
while trabecular number and separation decreased. For endo-
chondral ossiﬁcation under normal loading, bone volume fraction
and trabecular thickness decreased, while trabecular number and
articular cartilage
mineralized cartilage
bone
marrow
initial subchondral plate
a b
c d
Fig. 1. Simulated bone structures. (a) Baseline simulation. (b) Adaptation to high loading conditions. (c) Endochondral ossiﬁcation. (d) Endochondral ossiﬁcation combined with
high loading conditions.
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high load, bone volume fraction and trabecular number increased,
and trabecular thickness and separation decreased.
Experiments
OA classiﬁcation by ICRS score
For 29 osteochondral plugs, all observers graded cartilage
degeneration the same, for 23 specimens two observers graded
cartilage degeneration the same while the third observer scored
one grade higher or lower, and for one specimen all three observers
graded it differently. For this last specimen the average value was
used, while for the other specimens the grade onwhich at least two
observers agreed was used. After grading, we grouped thebaseline high load ossif
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Fig. 2. Bone structural parameters as determined for the ﬁnal structures of each simulatio
chondral ossiﬁcation alone it decreased compared to baseline. (b) For both endochondral oss
number decreased compared to baseline. (c) For both endochondral ossiﬁcation simulat
increased compared to baseline. (d) For both high load simulations trabecular separation dspecimens into mild (ICRS 0 and 1), moderate (ICRS 2 and 3) and
severe (ICRS 4) OA. For seven donors, both samples were classiﬁed
into the same group. To obtain independence of observations
within each group, we randomly excluded one sample from further
analyses for these seven donors, leading to a total number of 46
samples (21 medial, 25 lateral) of 32 donors. In Table I, sample data
are shown for the different groups.
Bone structure parameters
Bone volume fraction, trabecular number, and trabecular
thickness were signiﬁcantly increased, and trabecular separation
was signiﬁcantly decreased in severe OA compared to the other
groups (Fig. 3). No statistically signiﬁcant differences were found
between mild and moderate OA.ication high load + ossification
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n. (a) For both high load simulations bone volume fraction increased, while for endo-
iﬁcation simulations, trabecular number increased, while for high load alone, trabecular
ions, trabecular thickness decreased, while for high load alone, trabecular thickness
ecreased, while for endochondral ossiﬁcation alone it increased compared to baseline.
Table I
Sample data, SD ¼ standard deviation
Group # Specimens Donor age (SD)
ICRS 0 & ICRS 1 23 67.7 (8.5)
ICRS 2 & ICRS 3 15 68.8 (9.3)
ICRS 4 8 71.6 (5.2)
Table II
Overview of alterations in bone architecture observed in the simulations and
experimental data
BV/TV Tb.N Tb.Th Tb.Sp
Sim.: High load [ Y [ Y
Sim.: Endochondral ossiﬁcation Y [ Y [
Sim.: High load þ endochondral ossiﬁcation [ [ Y Y
Exp.: ICRS 4 versus ICRS 0-3 [ [ [ Y
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between samples with an increasing degree of OA to the simula-
tions, it can be seen that while each of the simulated conditions can
explain certain experimental ﬁndings, neither can individually
explain all experimental observations (Table II).
In the endochondral ossiﬁcation simulations the initial sub-
chondral plate was still visible after the replacement of mineralized
cartilage with bone tissue [Fig. 1(ced)]. We discovered that
a similar feature was also present in some of the osteochondral
plugs (Fig. 4). In the osteochondral plugs, the structures that
resemble a second subchondral plate are not continuous in all
cases, especially in the ICRS 4 sample. This is not unexpected, since
the bone probably has had time to remodel. In the simulations, the
initial subchondral plate will also disappear if remodeling is
continued for a prolonged period of time. What can be seen from
Fig. 4, is that endochondral ossiﬁcation may not be limited to
advanced stages of OA, with severely degenerated cartilage
surfaces. Instead, articular cartilage may be replaced with bone
tissue at the boneecartilage interface while the superﬁcial zone
remains intact. Furthermore, endochondral ossiﬁcation in OA may
be a local event, as especially the left image shows a very local
thinning of cartilage, that seems to have occurred from the bottom.Discussion
There are strong indications that in OA, ossiﬁcation of articular
cartilage occurs in a fashion resembling that of endochondral
ossiﬁcation during growth36,37. In various studies it has been shown
that during OA, chondrocytes near the tidemark obtain a hypertro-
phic phenotypewhich is typically observed in the growth plate38,39.
Chondrocytes start expressing type X collagen and mineralize. In
addition, vascular endothelial growth factor (VEGF) expression is
increased, spatiotemporally related with cartilage degeneration40.
This could induce the vascularization that is observed in OA41 and
that may be responsible for delivering osteoclast precursors
enabling the resorption of mineralized cartilage, similar to endo-
chondral ossiﬁcation during growth32. Despite various indications
that endochondral ossiﬁcation plays a role in OA, it remains unre-
solved what induces this process. In addition, it is unclear to whatFig. 3. Bone structural parameters determined in osteochondral plugs with increasing OA s
test. (a) Bone volume fraction is highest for ICRS grade 4 samples. (b) Trabecular number is
samples. (d) Trabecular separation is lowest for ICRS grade 4 samples.extent endochondral ossiﬁcation contributes to cartilage degener-
ation and alterations in bone architecture. Insight in the cause of
endochondral ossiﬁcation and its contribution to disease progres-
sion may help in developing OA therapies. Therefore, we aimed to
investigate whether alterations in bone architecture that result
from adaptation of an existing bone structure can be distinguished
from those that result from endochondral ossiﬁcation. As such, this
study provides no insight in the biological processes involved, but it
may provide insight in the contribution of endochondral ossiﬁca-
tion to bone changes and cartilage degeneration in OA.
Our simulations, of adaptation to high loading, endochondral
ossiﬁcation, and the combination of both, all resulted in different
bone architectures. This indicates that it may indeed be possible to
distinguish between alterations in bone architecture that result
from adaptation of an existing bone structure, vs alterations that
result from endochondral ossiﬁcation. As expected, endochondral
ossiﬁcation led to amore reﬁned structure, with a higher number of
trabeculae. As an increase in trabecular number was also observed
in osteochondral plugs with severe cartilage degeneration, this may
indicate that endochondral ossiﬁcation plays a role in advanced OA.
The high trabecular number that we observed for ICRS 4
samples is in contrast with previous reports on human OA
bone3,4,42e44. The discrepancy between our study and these data
may be related to both the measurement location and the catego-
rization of the specimens. Endochondral ossiﬁcation can only
contribute signiﬁcantly to alterations in bone architecture under-
neath areas with signiﬁcant loss of cartilage thickness, at a location
close to the cartilage. As we observed the increase in trabecular
number for samples with full-thickness cartilage degeneration
(ICRS 4) between 0 and 2mmdepth, we postulate that this increase
may have been caused by endochondral ossiﬁcation. Literature
reports of a decrease in trabecular number for OA bone samples
further away from the site of cartilage degeneration or from
a different OA stage may for example be caused by adaptation of
bone to increased joint loading, as suggested by our simulations.
Endochondral ossiﬁcation is not the only possible explanation
for the high trabecular number. Normally, trabecular number
decreases with age, but sclerosis may prevent trabecular resorptioneverity. P-values were determined using one-way ANOVA with a Bonferroni post-hoc
highest for ICRS grade 4 samples. (c) Trabecular thickness is highest for ICRS grade 4
ICRS 0-1 ICRS 0-1 ICRS 0-1 ICRS 2-3 ICRS 4
1 mm
Fig. 4. Osteochondral plugs with different ICRS grades. At a short distance from the boneecartilage interface, a second subchondral plate seems to be present (ﬁrst and second
subchondral plate indicated with yellow dotted line).
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mineralization in a sclerotic ICRS 4 bone sample was decreased
compared to that of an ICRS 1 sample of the same OA patient45. This
observation favors a role for endochondral ossiﬁcation, as less
mineralized bone is more likely to be younger as a result of endo-
chondral ossiﬁcation than older as a result of inhibited resorption.
In addition, endochondral ossiﬁcation may explain the presence of
a “double subchondral plate”.
While endochondral ossiﬁcation could explain the high
trabecular number and observations of a double subchondral plate,
it could not explain the increase in bone volume fraction and
trabecular thickness, suggesting that additional factors contributed
to bone architectural changes. The combination of endochondral
ossiﬁcation and high loading could account for the increase in bone
volume fraction, but was not able to explain the increase in
trabecular thickness which was only found in simulations without
endochondral ossiﬁcation.
While neither simulation resembled all experimental observa-
tions, there are different scenarios in which the combination of
endochondral ossiﬁcation and adaptation to high load could
explain the experimental observations. For example, timing of
events may play a role. If endochondral ossiﬁcation is followed by
an increase in load, this will initially lead to a reﬁned structure with
more trabeculae. These will thicken in response to increased
loading, in agreement with the experimental data. Furthermore, in
the endochondral ossiﬁcation simulations the analyzed tissue was
completely formed by ossiﬁcation, whereas this was probably not
the case for the ICRS 4 samples. Also, while some ICRS 4 samples
were probably taken from areas where endochondral ossiﬁcation
had occurred, others may have been taken from areas where
cartilagewas degraded throughwear and tear. Therefore, the ICRS 4
group effect may have been the outcome of an increase in bone
volume fraction and trabecular thickness resulting from adaptation
to high loading in a certain part of the analyzed tissue, and an
increase in trabecular number resulting from endochondral ossiﬁ-
cation in another part of the analyzed tissue. In our study it is not
possible to distinguish between the different scenarios, or to
exclude the possibility that other mechanisms play a role in OA as
well.
Instead, we aimed to show that in the population of OA patients,
two differentmechanisms that have been proposed in the literature
may each, possibly simultaneously, contribute to bone changes and
cartilage degeneration, in a very different manner. Adaptation to
high loading may be the cause of the increase in bone volume
fraction and trabecular thickness that we observed in the ICRS 4
samples, while endochondral ossiﬁcation may be the cause of the
increase in trabecular number. Similarly, wear and tear may induce
cartilage degeneration at the joint surface, while endochondral
ossiﬁcation may induce cartilage thinning at the boneecartilage
interface. Indications of a second subchondral plate in the experi-
mental data and simulations offer supporting evidence for a role forendochondral ossiﬁcation in OA. While the increase in trabecular
number indicates that endochondral ossiﬁcation mainly plays an
important role in advanced stages of OA, we found structures
resembling double subchondral plates in samples with intact
cartilage surfaces as well. This is an important ﬁnding, because it
indicates that endochondral ossiﬁcation may induce thinning of
articular cartilage in early OA. As thinned articular cartilage is prone
to further damage21, it could be valuable to develop therapies
aiming at stopping the ossiﬁcation process.
In the mathematical model that we used, bone adaptation is
described as a straightforward interplay between load-driven
osteocyte-mediated bone synthesis and random osteoclast
activity, while in vivo bone adaptation involves complex biochem-
ical signaling pathways and cellular interactions. Despite its many
simpliﬁcations, the model was previously shown capable of
explaining several distinct bone adaptation features observed in
animal and clinical studies27e29,34,46. To simulate endochondral
ossiﬁcation, we included cartilage vascularization by allowing
resorption of mineralized cartilage adjacent to the bone. Although
this is an additional simpliﬁcation, we demonstrated previously
that this model could explain typical phenomena observed during
endochondral ossiﬁcation of the growth plate. In the current study
we set the rate of advancement of the mineralization and vascu-
larization front at 1 element row per 50 increments, which repre-
sent 0.05 mm per 50 h. The replacement of the 2.5 mm thick
cartilage layer was completed in 2,500 h (w104 days). This rate is
similar to the rate of cartilage remodeling during longitudinal
growth, and may be fast compared to endochondral ossiﬁcation in
OA. However, pilot simulations showed that the replacement of
cartilage with bone is also successful for slower advancement of the
mineralization front. Therefore, we believe that the model is an
appropriate tool for investigating the role of bone adaptation and
endochondral ossiﬁcation in OA.
To summarize, our simulations indicate that adaptation of an
existing trabecular structure and the replacement of mineralized
cartilage with bone tissue can result in different subchondral bone
architectures. Comparison to experimental data showed that
endochondral ossiﬁcation is likely to play a signiﬁcant role in
advanced OA, as it could explain the high trabecular number.
However, we also found indications that endochondral ossiﬁcation
may occur in early stages of OA, making it a potential target for OA
therapy. In addition, our study supports the theory that OA is multi-
factorial and that for example adaptation to high joint loading is
involved in the changes in bone microarchitecture observed in OA,
as it could explain the increase in bone volume fraction and
trabecular thickness.
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